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Final Report

OVER-ARCHING GOAL
The overarching goal was to prepare geostationary satellite atmospheric motion vectors (AMV) for numerical model assimilation experiments and test for improvements in the NAVY global numerical model (NOGAPS) forecasts of tropical cyclones (TC) using targeting information provided by NRL-MRY. This was the primary motivation for this investigation.
PRIMARY OBJECTIVE
Develop an AMV processing and data assimilation strategy to optimize positive impacts on NOGAPS forecasts of TC tracks and intensity.
RESULTS: EXECUTIVE SUMMARY
Experiments were performed testing the impact of modifying the assumed observation error for assimilating AMVs in the NRL Atmospheric Variational Data Assimilation System (NAVDAS). A first experiment changed the observation error for all Geostationary AMVs to be 1.5 times the model background error. This weighting is based on comparisons with an adjoint-based impact parameter. A second experiment kept the operational observation error settings for AMVs, but used experimental "expected error" quality indices on CIMSS-produced AMVS to reject AMVs that were indicated to have poor quality. A third experiment set the observation error of the CIMSS-produced AMVs equal to the expected error indices.
All three experiments produce forecast differences that are overall slightly positive in terms of forecast skill but with low statistical significance. The observation error ratio experiment produced Northern and Southern hemisphere extra-tropical 500-hPa height anomaly correlations that are slightly better than the control. The tropical 500-hPa height anomaly correlations are slightly worse. For the expected error threshold experiment the forecast impact in the southern hemisphere is slightly better than the control while the northern hemisphere and tropical forecasts are slightly worse. The observation error/expected error experiment produced very little difference from the control. Hemisphere. Although, on average, their impact is beneficial (e.g., their assimilation reduces model forecast error), the impact of individual AMVs (and other types of observations) has a statistical distribution that includes both beneficial and non-beneficial forecast impacts. This distribution of impacts is due to our inability to exactly specify the 2 true errors of the observations and the background (model first-guess), which are combined in the data assimilation process to produce the analysis or initial conditions. If these errors can be more precisely tuned, the observations will have a greater beneficial impact on model forecast skill. This report will describe three NOGAPS model forecast experiments in which we adjust the quality control and specified observation errors for AMV assimilation into NAVDAS. In Section 2 we use information from the observation impact procedure developed by Langland and Baker (2004) . In Section 3, we use a newly available AMV quality indicator, referred to as the "expected error", and conduct two forecast impact experiments. The results of these three experiments are then summarized and followed by discussion and ideas for future efforts.
Introduction
Geostationary
Adjoint-based Observation Impact Results
Langland and Baker (2004, LB04 hereafter) describe a procedure to estimate the impact of individual observations on a measure of short-range forecast error. This method is useful for determining which observations improve the forecast, and regional patterns in observation impacts on the forecast. The LB04 observation impact equation is:
where y-Hx b is the innovation (difference between the observation and the background, and are, respectively, the sensitivity of forecast errors on the axa OXb analysis and background model trajectories, and K T is the transpose of the Kalman gain matrix represented by the data assimilation procedure. The quantity "J" is an energy-weighted forecast error norm that includes temperatures, winds, moisture, and surface pressure from the surface to about 300 hPa. In these results, f represents a 24-hour forecast. The K ) brackets represent a scalar inner product. The observation impact 6el is f an approximation of the increase or decrease in forecast error associated with the assimilation of observations. In this context, negative values of Me imply a forecast error reduction, which is a "beneficial" impact. We can use M to represent the impact of all observations, or any arbitrary subset of observations. This adjoint-based method provides information about observation impact that is difficult or impossible to obtain from conventional data denial experiments.
Using the LB04 method, observation impact values were calculated for 0000 UTC analyses from 3-10 July 2007, and include all geostationary AMV data used in NAVDAS operations. 
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In figures 3-5 we show AMV observation impact and observation counts as functions of, respectively, observation latitude, longitude, and pressure. Figure 3 illustrates that the maximum observation impact is near 100 S, with a secondary peak near 100 N latitude. Although the largest number of AMV observations is near 100 N, there are also more competing types of upper air observations (.e.g, radiosondes, aircraft) north of the equator, which reduces the total impact of the AMVs. Thus, the peak impact of AMV observations occurs just south of the equator, where AMVs contribute proportionately more to the analysis. hPa maximum is slightly above the level (900 hPa) where the number of lower tropospheric AMVs is largest, and the 400-hPa slightly below the level (300-hPa) where the number of upper tropospheric AMVs is largest. As AMV observation error is soley a function of pressure, this result suggests that the specification of observation and background errors in NAVDAS is not optimal at certain levels. Specifically, it appears that AMVs at 300-hPa and 900-hPa should have larger beneficial impact than is shown in Data assimilation procedures create analyses of atmospheric fields by blending information from the background with new observations. An observation's influence on the analysis is determined largely by the ratio of the assumed error of that observation with the assumed error of the background (a short-range model forecasts) at the observation location. Observations that are believed to be more accurate (e.g., smaller observation error) receive more weight than do less accurate observations. In NAVDAS, the assumed error of wind observations is a function of pressure level (see Figure 7 ). The true observation and background errors are unknown, so a large fraction of observations consequently produce either too much or too little influence on the analysis.
It is useful to examine the correlation of observation impact with the assumed observation and background errors. Figure 6 shows the summed AMV observation impact plotted with the ratio of the assumed observation error ob and the assumed background error Ubk. This ratio is Aob = 2 b . The AMV observation impact is most Ubk beneficial when A,b = 1.5, a ratio of AMV observation error and NOGAPS background error that is close to "optimal" for the current NAVDAS. Why this is so needs to be explored further. Slightly more observations have A,,, =1.4, but these observations have less beneficial impact, even though they are assumed to be more accurate relative to the background. This suggests that the observation error for these AMVs may be underestimated or over-estimated. There are also larger numbers of observations for which Abb > 1.6, but again their summed impact is again less beneficial than those for All = 1.5. As observation error increases, they receive less weight in the data assimilation 
Observation and Background Error Ratio Experiment (Exp 1)
In this section we describe an experiment to test the hypothesis that NOGAPS forecasts will be improved if AMV observation errors are adjusted to impose a ratio of A,b = 1.5. The current operational AMV observation errors are shown as red circles in 
AMV Quality Indicators and Expected Error Estimates
As described above, specifying the appropriate observation error is critical to data assimilation and forecast quality. Specifying it correctly for AMVs, however, is relatively difficult. The derived nature of the product using multiple satellite images, along with assumptions about background winds provided by forecast models makes estimating the true error of these observations difficult. It has also been shown that AMV observation errors are spatially correlated, and this complexity is not handled well by current variational data assimilation procedures.
Traditionally, AMV producers have not estimated the observation error directly;
Instead, they assign normalized quality indicators to assess whether a particular AMV is way suggests that it has skill at estimating AMV error compared to rawinsonde error.
Even if the EE were a perfect correlative measure of AMV -rawinsonde differences, however, it would only be an approximation of the true AMV observation error. The EE does not take into account rawinsonde measurement or representative-ness error between rawinsondes and AMVs, nor does it account for errors introduced by imprecise collocations. Expected Error Bin (ms1) 14 As discussed in Section 3, estimating the observation error is important. But the EE can also be used to decide whether a given observation should be assimilated or not. Figure 9 bins the AMV -rawinsonde differences by the maximum EE rather than a central value as in Figure 8 . The 1-1 line is also shown. This figure shows that errors decrease as the maximum threshold decreases. On average, however, they do not decrease by an appreciable amount until the EE thresholds drop below about 7 ms 1 .Most of the EEs are below this value (see Figure 10 ). As the threshold gets lower, the error distributions move toward lower errors as well, reflecting the EEs skill at thresholding out bad AMVs. Expected Error Maximum (ms 1 )
NHIR Expected Error Distribution
Figure 9: As in Figure 8 , except the box plots represent the AMVs that have the maximum expected error value shown in the x-axis. As the expected error maximum threshold decreases, the errors generally decrease, particularly when the threshold value decreases below about 7 ms -1 . for AMVs co-located with rawinsondes.
EE Threshold Experiment (Exp 2)
The AMV EE information can be used to design additional data assimilation and forecast experiments. In Experiment 2 we use the EE to define AMV quality threshold values and withhold poor-quality AMVs from being assimilated. If the threshold value is set too tight, then too many AMVs are rejected and the experiment will not have much impact. If the threshold is set too loose, then too few AMVs are rejected, and the analysis may be degraded. Another consideration is that the EE is a function of AMV speed.
Faster AMVs should therefore be given a higher EE tolerance. Based on an analysis and tests with NRL's superob procedure, the threshold values in Table 2 were selected For Experiment 2.
AMV Speed EE Threshold
Speed < 50 ms-1 EEs > 7.5 ms-1 rejected Speed > 50 ms -' EEs > 15 ms-' rejected Table 2 to remove selected AMVs before the assimilation procedure. The forecast impact results of this experiment are described in Section 7.
These EE thresholds were applied to a special set of CIMSS AMVs from the period Table 3 . The table shows a sample of AMV superobs generated from AMVs from each regional data provider and compares them to superobs generated from AMVs produced at CIMSS. Although the counts are from July, 2007, these numbers are not likely to vary appreciably from month to month.
With the exception of Meteosat-9, CIMSS produces fewer AMVs than the other producers. This difference may be to due to quality control differences between the producers. As only the CIMSS AMVs are affected by using the expected error, the numbers in the CIMSS column represent the number of observations that will be affected by the thresholding and the subsequently described expected error-observation error 
EE and Observation Error Experiment (Exp 3)
In Experiment 3, all of the observations are assimilated as in the control, but the EE replaces the operational observation error for all CIMSS AMVs. Figure II is a scatter plot of operational AMV observation error versus the EE. For most AMVs the EE is somewhat larger than the operational error, so that the observation will receive somewhat less weight in the analysis. This is particularly true for AMVs with higher speeds that generally have higher EE. Some AMVs, however, have particularly low EE. These low EE AMVs are generally slow in speed, and in the low levels. 
Experiment Results
This section describes the forecast impact results of Experiments 1, 2, and 3 that are configured as in Table 4 .
Experiment 1-AMV Observation and Background Error Ratio
Modifying the AMV observation errors so Ao = 1.5 produced neutral to slightly positive impact. Figure 12 shows the 500-hPa anomaly correlations for the Northern Hemisphere, Southern Hemisphere, and the Tropics. None of the anomaly correlation differences are statistically significant. On average, the Northern Hemisphere and
Southern Hemisphere experiments were slightly positive (compared to the control) for long forecast times while the tropical result was slightly negative in terms of 500-hPa anomaly correlation. Differences in bold are statistically significant with at least 90% confidence.
Experiment 1, however, did produce statistically significant results in terms of root mean square wind forecast error differences (   Table 5) , at least in the tropical band from 20'S to 20'N. In Table 5 , positive numbers indicate that the RMS forecast error of the modified observation error forecasts is lower than in the control forecasts. As seen in Table 5 , the forecast results differ substantially by level. In general, forecast errors were reduced below 700 hPa, and increased to some extent above 500 hPa by changing the observation error. As forecast length increases, the forecasts with modified observation errors become somewhat more skillful (or less unskillful), although these differences are not statistically significant. Why is the tropical forecast impact different than the extra-tropical forecast impact in this experiment? We might hypothesize that wind observations impact the tropics more than the extra-tropics. Another clue may be seen in Figure 13 . This plot shows the same quantities as Figure 6 , except for the Tropics
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(20'N -20'S). When the entire global domain is considered, the optimal ratio of observation error to background error appears to be about 1.5. However, for the tropics, the ratio appears closer to 1.4, suggesting that the optimal ratio of observation error to background error might be defined as a function of latitude as well as pressure. 
Experiments 2 and 3-EE Threshold and Observation Error Experiments
Results from the EE in Experiments 2 and 3 are essentially neutral in terms of forecast skill. Figure 14 and Figure 17 show the 500-hPa height anomaly correlations results for these two experiments, in which the control forecasts and EE forecasts are not statistically different. The EE threshold experiment (Figure 14) shows a slightly stronger forecast impact than the EE-observation error experiment (Figure 17 ).
At forecast times longer than about 84hr, the EE-threshold Southern Hemisphere height anomaly correlation is slightly better at 500-hPa and 1000-hPa (not shown). The
Northern Hemisphere control forecasts are slightly better than the EE-threshold forecasts. Figure 17: Time series of 250 hPa 120-hr RMS height errors for the control forecasts (red) and EE-threshold forecasts (blue). The EE-threshold forecasts are, on average, slightly worse than the control forecasts, although the difference is not statistically significant. EE-observation error forecasts (blue). The EE-observation error forecasts are, on average, slightly better than the control forecasts, although the difference is not statistically significant.
Summary and Future Work
The assimilation of atmospheric motion vectors (AMVs) provides large beneficial impact to NAVDAS analyses and NOGAPS forecast skill. At present, only rawinsonde profiles and AMSU-A radiance observations provide larger contributions to NOGAPS forecast skill, as measured by a global forecast error norm (Langland and Baker 2004) .
The current assimilation, however, of AMVs (and other observation types) should not be considered optimal. A major challenge is to provide better estimates of AMV observation error, since this affects the relative weight assigned to the observation versus the background in the data assimilation procedure. Improper specification of observation error can result in degradation of the analysis and poorer forecast quality.
Currently in NAVDAS, the AMV observation error varies only by observation pressure. The observation error is not a function of latitude, longitude, or observed wind speed. This report describes three experiments that test modified assumptions for AMV observation error and quality control. All three experiments produce forecast differences that modestly impact the forecast skill, but with low statistical significance.
Result 1: Observation and Background Error Ratio Experiment
The AMV observation error is specified at 1.5 times the background error for all superobs in the global domain. The northern and southern hemisphere extra-tropical 500-hPa height anomaly correlations are slightly better than the control. The tropical 500-hPa height anomaly correlations are slightly worse.
Result 2: Expected Error Threshold Experiment
CIMSS-produced AMVs are quality controlled using the EE thresholds described in Table 2 . The AMVs produced by the other centers are left unchanged. Forecast impact in the southern hemisphere is slightly better than the control while the northern hemisphere and tropical forecasts are slightly worse.
Result 3: Expected Error Observation Error Experiment
Observation 
